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Local analysis of a single impurity on a graphene Josephson junction
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In this paper, we investigate the local effects of a single impurity on the electron system of a short ballistic
graphene Josephson junction. Within the Dirac-Bogoliubov—de Gennes approach, we systematically analyze the
local electron density of states. Its behavior at subgap energies allows one to distinguish elastic and inelastic

scattering processes and to identify the magnetic nature of the impurity. Moreover, the spatial dependence
of the local density of states is a sensitive probe of microscopic processes yielding subgap impurity-induced
bound states. The Fourier analysis allows one to recognize the wave vectors related to the momenta of the

high-transmissive channels in ballistic graphene.
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I. INTRODUCTION

Hybrid systems that combine different physical platforms
with complementary functionalities are nowadays explored
for applications in quantum technologies [1,2]. For in-
stance, gate-tunable hybrid superconducting qubits known
as gatemons have been implemented using semiconduct-
ing nanowires [3,4], In As-based Josephson junctions (JJs)
[5-7], two-dimensional materials [8], van der Waals het-
erostructures [9], and graphene [10,11]. They offer advantages
such as reduced dissipative losses and crosstalk, as well
as compatibility with high magnetic fields [12,13], paving
the way for the implementation of fault-tolerant topological
qubits based on Majorana zero modes [14,15]. High-quality
graphene-superconductor heterostructures with clean inter-
faces obtained by encapsulating graphene in hexagonal boron
nitride (hBN) [16-18] sustain ballistic transport of Cooper
pairs over micrometer-scale lengths, gate-tunable supercur-
rents persisting at large parallel magnetic fields [19-21],
and show various features of two-dimensional Andreev
physics [22-24]. Moreover, thanks to the low specific heat
of hBN-embedded graphene, highly sensitive microwave
bolometers based on graphene Josephson junction (GJJs) have
been demonstrated for circuit quantum electrodynamics ap-
plications [25,26]. Single-photon detection at near-infrared
frequencies has also been achieved by coupling photons to
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localized surface plasmons of a GJJ, which can be integrated
into JJ-based quantum architectures as high-speed, low-power
optical interconnects [27]. GJJs are also an excellent plat-
form for generating exotic quantum states, such as long-lived
Floquet-Andreev states obtained by applying continuous mi-
crowave light without significant heating [28]. Recently, a
superconducting circuit has been manufactured incorporating
three Josephson junctions based on graphene governed by a
dominant sin(2¢) current-phase relation (CPR) [29], which is
promising for the development of superconducting quantum
bits protected from decoherence.

The Josephson effect in heterostructures is due to the prox-
imity effect in combination with constructive interference be-
tween Andreev processes at the two normal-superconducting
(N-S) interfaces. This results in the formation of coherent
electron-hole superpositions known as Andreev bound states
(ABSs). In short junctions, the CPR resulting from the phase
dependence of the ABS spectrum differs from the sinusoidal
CPR of standard tunnel JJs [30,31]. Recently, there has been
interest in controlling spatial properties of ballistic GJJs. An
experimental method has been developed to measure and con-
trol the current density in real space for two parallel ballistic
GJJs, based on the analysis of the Fourier and Hilbert transfor-
mations of the modulation of the critical current induced by a
magnetic field [32]. Tunneling spectroscopy measurements in
GJJs revealed the possible presence of weakly coupled micro-
scopic quantum dots to proximitized graphene, which act as
energy filters in the tunneling process [11,33]. A theoretical
analysis has suggested that a homogeneous dilute distribution
of impurities in a GJJ can alter the critical current and the
skewness of the CPR [34]. Moreover, defects in the nearby
substrate can act as carrier traps and induce fluctuations in
the carrier density of the graphene channel [35,36], leading
to critical current fluctuations with a 1/f spectrum [37-39]
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and relaxation [40]. In this paper, we investigate the effect
of a short-range impurity on the low-energy properties of
a short planar GJJ, motivated by findings related to point
systems weakly interacting with proximitized graphene and
by recent interest in controlling the spatial properties of bal-
listic GJJs [32]. We use an analytical approach based on the
Dirac-Bogoliubov—de Gennes model [41]. Two paradigmatic
descriptions of a single impurity are considered: the Anderson
model [42] and the Lifshitz model [43]. The latter describes an
impurity interacting with the density of conduction electrons
through a scalar potential [44,45] and it has been used to
model a vacancy in a graphene crystal [46]. The Anderson
model has been used to study the effect of adatoms on the
graphene electron system [47-51]. It allows electron transfer
from the host to some energy level belonging to the adsorbed
atom [50]. In both cases, we take into account an extra
magnetic term describing the exchange interaction between
the local spin on the impurity site and the electrons flowing
through the GJJ. We focus on a single impurity located in
the middle of the normal region and analyze how it affects
the local density of states (LDOS) within the superconductive
gap |E| < A. This quantity is experimentally accessible by
scanning tunneling spectroscopy [44], the LDOS unveiling
sensitivity of the ABSs to the type of impurity-scattering
processes. Close to the impurity, the energy dependence of the
LDOS is sensitive to the magnetic character of the impurity
itself, and it is different for the Anderson and Lifshitz models.
We analyze the conditions for the appearance of an impurity-
induced subgap bound state. Finally, we analyze the spatial
dependence in the normal phase region along the transverse
direction at the energy corresponding to the impurity-induced
bound state.

This paper is structured as follows. Section II provides
technical details on the Dirac—Bogoliubov—-De Gennes model
describing ABSs. Sections III and IV present the Anderson
and Lifshitz models, respectively, and the analysis of the
energy dependence of the LDOS close to an impurity
in the middle of the normal phase region. Section V addresses
the spatial dependence of the LDOS along the normal phase
region and the analysis in Fourier space. Finally, the conclu-
sions are drawn in Sec. VI.

II. MODEL

We analyze a GJJ in the ballistic regime, as depicted in
Fig. 1, which is composed of two identical metallic super-
conductive electrodes on the sides and a graphene monolayer
in the middle. The normal graphene stripe has length L in
the X direction, the entire device has a finite width W and is
considered infinite along the ¥ direction, and we assume that
W > L. The electron system is described by the following
Dirac—Bogoliubov—de Gennes (D-BdG) Hamiltonian [41]

Hp_pac = Z/dzi‘@;(")HD—BdG‘i’;(i‘),
s

hUD
Hp_pac =7 U1, + T(axax + 9y0y)

+ 1, Re A(r) — 7,1, Im A(r), (1)
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FIG. 1. Schematics of the planar GJJ device. The graphene
monolayer of length L (gray) is contacted to the sides by two su-
perconducting electrodes (yellow sides). The width W of the device
is assumed to be such that W > L.

where { = % denotes valley indices. Here, the four compo-
nents spinors W, (r) are defined as

'i’+(") = [@I_K,T(")’ @;,Im(")’ K&A,K’,¢(")’ &B,K’,ﬂ")ﬁ,

Vo) = [V o . V4 o, 0 =Pk, (), Ya ik (O],
)

where vp ~ ¢/300 is the Fermi velocity in monolayer
graphene, the set composed by the two-dimensional ma-
trix identity 1, (1.;) and the Pauli matrices {oy, oy, 0.}
({zs, 7y, T.}) act on the two-dimensional sublattice A-B
(electron-hole) subspace. The superconducting order param-
eter A(r), and the scalar potential U (r) are defined across the
junction as follows:

A(r) = O(|x| — L/2)Ae'®™,
go(x) = O()gr + O(—x)gL, 3)

Ur) = —po®(L/2 — |x]) = UoO(Ix| = L/2),  (4)

where ®(x) is the Heaviside step function, and we assume that
Uy > || [41]. The multiple coherent Andreev reflections at
the interfaces between the normal phase region and the super-
conductive sides at x = +L/2 generate a set of ABSs [52].
These eigenstates of the D-BdG Hamiltonian have subgap
eigenenergies, i.e., |E| < A.In the short junction limit L < &,
where £ = ivp/(;r A) is the coherence length, the eigenstates
with energies above the gap, i.e., |E| > A, form the Andreev
continuum. These states have eigenenergies that are indepen-
dent of the phase difference ¢ = ¢r — ¢, so ABSs are the
only ones responsible for carrying the Josephson equilibrium
supercurrent [53,54]. In this paper, we disregard the contin-
uum and focus on the low-energy characteristics of the GJJ.
To obtain ABSs, we seek for the eigenstates of the D-BdG
Hamiltonian by exploiting the uniformity of the system along
the y direction,
iky

Op (r) = j—Wak,Em, ©)

where k determines the wave number along the y direction,
and E is the eigenenergy. Since the D-BdG Hamiltonian in
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Egs. (1) is independent of the valley index ¢, we omit it
in @ p(x), and it leads to double degeneracy in the ABS
spectrum. As shown in Fig. 1, there are three sharp partitioned
sectors along the x direction for which we look for a solution
to the stationary D-BdG problem of the following form:

NeedgP () x < —L/2
Prp) = A Nip@pp(x)  —L/2<x<L/2  (6)
Ner@p V) x> L2,

and afterward, we impose the continuity at the interfaces x =
+L/2. The coefficient NV g denotes the normalization factor.
To search for eigenfunctions, we follow the approach used in
Ref. [34], where the junction length was taken infinitesimal
L/& — 0. Here, we generalize to the case of a finite junction
length L. We start from the superconductive sides (x < —L/2
and x > L/2). We write both Fp,(fEL)(x) and Fp,(ng)(x) as a
linear combination of terms of the form e*"*ay g ; ;, where
s = &£, A = . By imposing the exponential form, it solves
the D-BdG equation in the superconductive sides for

2

Uy + A /E? — A}
— K2

FZUD

N

m=1I

We exclude pairs of coefficients A and s such that (%, s) =
(+, +) and (—, —) (where As = +) on the left-hand side, and
(A, 8) = (4, —) and (+, —) (where As = —) on the right-hand
side, since they correspond to wave functions that cannot be
normalized. Then, we obtain the following expressions:

S—L ikyl,.L — —L/2
Oop ) =P xg e Pay gy
+ v P gy, ®

S—R ik; R —L/2
(01in )(r) —¢ y[xk’Eem(x /2)

Ak E +,+
+ R pe T Pay g . )
The four-dimensional vectors ay g , s can be represented as
aigs = Wi sbi E s (10)

where W, s = 1.(Q, ;A s) is defined in terms of the matrices

1 T 8%, SZ)
Ois = —=lo, +i(e7o_ — ™ oy)],

V2

AA,s - (1 - Uz)

2[] + es(aﬂi)]

+ ! (1+o0,), (11)
2[1 +e*S(ZA+Zi)]

which act on the sublattice space, where z;, satisfies the iden-
tity &% = kvp(k + s1,)/[Uo + AWE? — A], and

1 i
big) = %[et(d’ﬂr%ﬂ(m)’ 0,6 13PE), O]T’ (12)

with B(E) = arccos(E/Ag) and j = R, L. Assuming that the
superconductive sides are in the large doping regime, i.e.,

Uo > |ol, and A « Uy, then n;, defined in Eq. (7), can be

approximated [55] as
U J AL —E?
M Ri— — A———

, 13
hUD hUD ( )

and z, &~ im /2, which leads to W, ; =~ \/Li(oZ + so,). To find
the solution of the stationary equation in the normal phase
sector (p,((NE) (x), we employ the transfer matrix approach [56].
After a few algebraic manipulations, the stationary problem
can be rewritten as the following ordinary differential equa-
tion in terms of the transfer matrix:

PN ) = Tk, E: )@ (—L/2), (14)
dT(k,E;x)

. E . o
dx = [ITZUXE + lo’xa + Uzk]T(k, E;x),
15)

with boundary condition 7 (k, E;x = —L/2) = 1,1,. The
transfer matrix which solves the above problem is explicitly
expressed as

HI_TZ

1
Tk, Ex) = f;”

Tk, E;x)+ Tk, —E;x),
(16)

where

. Mot E k
T(k, £E;x) = sin[g+(x + L/2)]| i W oy + —o;

Unq+ q+
+ cos[g+(x + L/2)]1,, a7
and g5 = (%)2 — k2. Using the transfer matrix, we can

impose the continuity condition on the wave functions at the
N-S interfaces, and we obtain the compact condition

oSN (e = L/2) = Tk, E; L/, (x = —L/2).  (18)
After further algebraic manipulations, it can be rewritten as

x]}iEak,E,Jr,Jr + )’E,Eak,E,f,f
= T(k, E;L/2)[x; garp 4 + Vi ptre—+]- (19

The expression above is a homogeneous system of four equa-
tions for the variables {x,%’ I y,%y £ x,lz £ y? £} The solution of
this system is not trivial only if the associated matrix is
singular, i.e., its determinant D is zero. For each pair of
values of the y component of the wave vector k and the
phase difference ¢, the energies E(j, k, ¢) that nullify the
determinant D are the eigenenergies of the ABSs, with j
being the subband index. The determinant D is an even
function of energy, which leads to an even number of sub-
bands E(j, k, ¢), so the subband index runs over the range
{£1, £2, ..., £n}, where 2n is the number of subbands, and
the following property E(j, k, ¢) = —E(—j, k, ¢) is valid.
For each ABS, after finding the eigenenergy E(j, k, ¢), we
choose the nontrivial solution that guarantees the condition
bk eag |’ T VEEGkg)” = 1. Under the approximation in
Eq. (13), the normalization factor N g(jk,¢) is determined for
a given subband index j, y component of the wave vector k,
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and phase difference ¢, by enforcing the condition below:

w/2 .
/ dy / 0] 4 (P pc Pleosip =1, (20)
w2 —o0

which gives

VA2 — E(J,k $)?
Ntk = m/ S e
where
L
Bk ) = F1 = (EG. k. 6)/a)
x [xpai g +— + yoak e —+1 Ak, E(j, k, ¢))
X [Xr@r g+ - + Y0k e — +1, (22)
L2 d)C
Ak, E) :[ —ﬁ(k E,x)T(k,E,x)
—p L
1.+,
=~ Ak, Ey+ " %ak —E).  (23)
2 2 o
Ak, +E) = |:(M(2):*2:E2) _k Sm(fqiL)}]ln
i vgqs 2g1L
_ [k(,uo +E)  k(uo iE)Sin(ZqiL)]U
hvpgs 2hvpgiL Y
-2
k sin (qiL)Uu (24)
‘ZiL

and xk g and yk ¢ are two components of the nontrivial vector
which solves the system in Eq. (19) with E — E(j, k, ¢).

From now on, we focus on the short junction regime
L/& < 1, where the subband index j can assume two values,
namely {—1, 1}, and we have E(j, k, ¢) = je(k, ¢). In par-
ticular, we will consider a finite value of L/& « 1, and note
that in the limiting case L/§ — 0, we have B(j, k, ¢) — 0.
To describe the low-energy electronic properties, we project
the full D-BdG Hamiltonian in Egs. (1) onto the ABS sub-
space with the projector P4 [34]. The Andreev Hamiltonian
Ha = PaHp_pagPa is expressed as

U= D ek P Frvn =P Fe-n), (29

(=% k

where P; 1 is the fermionic ABS operator. Each set of values
of ¢,k determines a two-level system with energy splitting
2¢(k, ¢). Figure 2 shows the ABS spectrum as a function
of the component k, with the phase difference set at ¢ =
37 /4 and the chemical potential in the normal phase at po =
Shup/L (a) and po = 8hvp/L (b). The solid black line is
the spectrum obtained numerically for a finite short junc-
tion L/& = 7 /20, while the red dashed line is the universal
analytical expression +&E(k, ¢) = :i:A\/ 1 — t(k)sin*(¢/2),
obtained in the limit L/§ — 0%, where the k dependence is
totally included in the transmission probability (k) which
depends on the nature of the normal phase stripe [57]. For the
graphene electron gas [41], the transmission probability of the
normal state is T(k) = (k2 — k?)/[k2 — k? cos*(LVkz — k)],
with kp = po/(hvp). From the comparison of the dispersion

(@ 1.0

0.5

— L/¢=1m/20

0.0_ — L/E*}O+

E/A

—0.5 1

—1.0

—-10 -5 0 5 10
kL

® 1.0

0.5

— L/¢=m/20

0.0 7 -= L/t 0T

E/A

—0.5 1

—1.0 1
1 I 1

—10 -5 0 5 10
kL

FIG. 2. ABS spectra. Eigenenergies, in units of the energy gap
A, as a function of the transverse component of the wave vector k, in
units of 1/L. The ABS spectrum (solid line) for a short junction with
L/& = 7 /20, obtained numerically, is compared to the analytical
spectrum (dashed line) in the limit case L/§ — 0. Here, we set the
Fermi level at uy = Shvp/L (a) and o = 8hivp/L (b), and the phase
difference at the generic value ¢ = ¢r — ¢ = 37 /4.

relations in Fig. 2, we see that the extrema are located at the
same k, and in the limiting case L/§ — 07 they correspond
to the extrema of the transmission probability [34]. In Fig. 2,
one can see that there is an energy window, which we call
a minigap, in which quasiparticle excitations are prohibited
[58]. The minigap §(¢) = ming[e(k, ¢)] depends on the phase
difference ¢. In particular, in the limit L/§ — 0%, we have
8(¢) = Alcos(¢/2)|.

We conclude this section by introducing the particle den-
sity and the charge density operators, which are the quantities
of interest. Within the D-BdG formalism, the particle density
and charge density operators are expressed in terms of the four
component spinors defined in Egs. (2) as

Py =) W11, ¥.(r),
¢
per) =Y Ulr1, B (), (26)
¢

where in pc electrons (holes) have charge +1 (—1). Applying
the projector P4 on the density operators in Eqgs. (26), we
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define the Andreev particle and charge densities operators as
PACY =PaprIPa =D "> 0l pkgc D)
¢ g kK

N
X Lelo@u e kg1, OF; juPe ik

pea) =Papc@Pa= " "> 0l p(spc @
¢ g kK
X T 1o by gy OV, juPeiws @D
whose support is the ABS subspace. In the following sections,

we study modifications of the spin-resolved LDOS. The spin-
up electron and the spin-down hole LDOS are defined as

Per (r, 2) = Trlpa e (NS — Hion)],

Paer®) = pa(r) + pea)], (28)
Pny(r, ) = Tr[pan, )8(Q2 — Hio],

Pany(r) = 3[PA@) — pca®)], (29)

where we have Tr[-1=>_, ; (D17 j - V: (|9), where the
reference state |{J) is the vacuum of aI( field operators
V¢, j.k- The spin-down electron LDOS is given by o, (r, Q) =
pey (. —2).

So far, we have considered the bare GJJ in the short-
junction regime. In the following, we include the presence
of a localized impurity described in terms of the Anderson
or Lifshitz model. The total Hamiltonian 7—Alwt is composed of
the Andreev Hamiltonian 7:lA and a term ’}-A{imp that takes into
account the interaction of the ABSs with a single impurity.

II1. SINGLE ANDERSON IMPURITY

In this section, we discuss the Anderson model [34,42],
which describes an impurity that causes inelastic scattering
processes in a GJJ electronic system. Within this model, each
impurity has two localized electronic states, distinguished by
the spin projection along the z direction. For the spin-up and
spin-down cases, the energies are E; 4 = uo + €5 + €z and
E; | = 1o + €4 — €z, respectively. The energy ¢, is the impu-
rity energy with respect to the Fermi level 1, and the Zeeman
energy term €7 breaks the time-reversal symmetry, and here
any Coulomb repulsive term [59] is neglected. Within the
Bogoliubov—de Gennes approach, the Hamiltonian of the im-
purity can be expressed in a spinorial form as

Hp = &) (ear; + 210Dy, (30)

where @2 = [cz,, 1 €, 1], and the fermionic operators le, 1
(cq,y) create (annihilates) an electron with spin-up (spin-
down) bounded to the impurity. Here, we describe the
interaction between a single impurity and the electron system
in a graphene monolayer in terms of a tunneling Hamiltonian
[34] expressed as

Vo=V + V),
V= Z / d*rdiVy (¥ (), (31)
==+

where the matrices V; . are defined as

_ vAyd(r) UB,d(r) 0 0
Vi (r) = [ 0 0 —ui,m —vfé,d(r)]’
_v* (r) v* (r) 0 0
Va,—(r) :[ Bod A'El) vgq(r) _”A-,d(r)]' G2

We assume that the impurity is located at r; in a carbon site
and that the tunneling term acts on the electron system in
graphene at the atomic scale. Following Ref. [34], using a
microscopic description based on a tight-binding model for
the electron system in graphene, the matrix elements of the
potential Vp are expressed as

Va,d(r) = ton/AcmaSo a + (1 — mg)8q p18(r —ra),  (33)

where A, = 3+/3d% /2 is the area of the unit cell [60], with
a = 1.42 A, 1, is the tunneling amplitude which, without loss
of generality, is taken real and positive. If the impurity is
located at a carbon site belonging to the sublattice A (B) then
one has my; = 1 (my; = 0). Here, we consider that the carbon
site where the impurity is located belongs to sublattice A, and
we have vy 4(r) = ton/Ac84.48(r — ry). The results remain un-
changed regardless of the sublattice chosen, as a result of the
sublattice symmetry. The local interaction potential projected
in the ABS subspace is explicitly written as

VaPa=10) > > Phwacjute i (34)
gk

where

Wy, +,jk = gd,:l:(ok,E(j,k,qb),i(rd)

etkva
= 8d,+ \/W(ok.E(j,k,qb)(xd)’ (35)
1 0 0 O
8d.+ = \/A_L|:O 0 -1 0}9
0O 1 0 O
ga— = \/A_c|:0 0 0 _J. (36)

To study the local effect induced by an Anderson im-
purity on the electron system in a GJJ, we use the
total Hamiltonian 7:lt0t = 7:lA + 7:[imp, where 7—Alimp = 7:1[) +
f}dﬁA + ﬁAV;, which consists of the impurity Hamiltonian
7:[1), and the tunneling terms which connect the ABSs and
the Anderson impurity. To calculate the LDOS, we use the
following expressions:

1 .
Pet(r, Q) = _;ImTr[bA,eT(r)glot(Q +in)l,

1 N 5 .
Py (r, Q) = _;ImTr[pA,hi(r)gtot(Q +inl, 37
which involve the total Green’s function
Gt () = (L — o) ™", (38)

with 7 = 0T. After some algebraic manipulations, we write
the projection of the total Green’s function onto the ABS
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subspace as
G(Q) = Pabia(Q)Pa = (Q1 — Herr) ™,
ﬁeff = 7:[A + 73A]>;(Q]l — ﬁd)_lfjdﬁA. 39)

Before calculating the LDOS in the presence of a single
Anderson impurity, we consider the clean GJJ. For the unper-
turbed GJJ system, the ABS Green’s function takes the simple
form

Go(R2) = (Q1 — Hp)™

=222 55w

j=t¢=% &k

—]E(k gy Picabicn GO

and by replacing it in Egs. (37), we find the LDOS:

1 A
0o,e(r, Q) = —;ImTr[,bA,z(")go(Q + in)l. 41

It is useful to introduce the following 4 x4 matrix Green’s
function

Go(r,r', Q)

_ ZZ P kd).c OPLp kg )
—]E(k, ¢)

Z oK) Z(ok,E(M)(X)(D}I,E(j,k.(p)(x/) (42)
] j Q — je(k, ¢) ’

which acts on the direct product of the electron-hole subspace
and sublattice subspace on which the spinors of the D-BdG
formalism are built. It allows one to write a compact and
intuitive form of the LDOSs. Although the valley index ¢ is
indicated in the initial line, the spinorial wave function does
not depend on it, so it is omitted in Go(r, 7, Q). Further-
more, looking at the second line of Eq. (42), each entry of
Go(r, 7, Q) has the form of a Fourier transform, and we cal-
culate them using the fast Fourier transform (FFT) algorithm
[61]—see details in Appendix B. Starting from the definition
in Eq. (41), applying the cyclic property of the trace, and
using Eq. (42), the LDOS in the clear limit takes the following
compact form:

1 _
po.e(r, ) = ——Im{tr[M,Go(r, r, €2 + in)l}, (43)

where ¢={et,h |}, My =31+ 1)L, and My, =
%(]lr — 1,)1,, and tr[-] denotes the trace over the direct prod-
uct of the electron-hole subspace and sub-lattice subspace.
To calculate the LDOS in the presence of a single impurity,
one has to find the ABS Green’s function G(£2) expressed in

Egs. (39). To this aim, we rewrite Egs. (39) in the form of a
Dyson equation as

G(Q) = Go(Q) + Go(VDE(R)G(Q), (44)

where the self-energy is

$(Q) = PaVi(QL — Hp) ' VyPa. (45)

The exact solution to the Dyson equation, as detailed in
Appendix A, is expressed in the following closed form:

G =G+ § > Feke k(P e e
¢80 g kK
(46)

where the analytical expression of Fy ;i . y.x(£2) is reported
in Appendix A; see Eq. (A9). Based on the results of Eq. (46),
for both electrons and holes, the LDOS is written as the sum
of two terms p¢(r, 2) = p;o(r, 2) + 8¢ (r, 2), where

1 A A
Spe(r, ) = —;ImTr{i)A,g(r)[g(Q +in) — Go( + in)]}.
(47)

Using Eq. (46), we have the following:
S0, @) == ~im 222 s
JJ kK
X (pk’,E(j’,k’,qb),;(r)Fc,j’,k/,;,j,k(Q +in), (48)

where n = 07. Applying the cyclic property of the trace and
using Egs. (36) and (42), the expression above can be rewrit-
ten as

1 _
8pe(r, Q) = — —Imtry MyGo(r, ra, Q+in) ) g} X (Q+in)
T : ’
X [Lr = Y(Q+im)] 'gacGolra,r, @+ in) t,
(49)
where
- ¢ t
Y() = ga:Golra.ra. Qg X(Q).  (50)
¢

and the nature of the impurity is included in the 2x?2 matrix
X (€2). For an Anderson impurity, one has

X(Q) — 13G4(Q), (51)
with
Gi(Q) =[(Q — €)1, — egT.]™"

__ 1 0
= |:Q(56+€Z) | . (52)

Q+(es—€z)

Figure 3 shows the LDOS for electrons with spin up (solid
black line) and holes with spin down (red dashed line) as
a function of energy 2. The junction length, Fermi level,
and phase difference are set to L/& = /20, uo = Shvp/L,
and ¢ = 3w /4, respectively. To obtain the LDOS numeri-
cally, a finite value of n = 1073 A is used, which produces
a fictitious finite linewidth of the energy levels within the
minigap and a smoothing of the square root divergences
that are expected at the extrema of the dispersion relations
E(j, k). Figures 3(a) and 3(b) illustrate the case of clean GlJs,
evaluated in the normal phase region at ryp = (0, 0) and at
the N-S interface r, = (—L/2, 0), respectively. In both pan-
els, the LDOS pgct and pgp, are zero for energies within
|2 < 8(¢p). Figures 3(c) and 3(d) illustrate the LDOS in
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FIG. 3. LDOS p. 4 (r, 2) (solid black line) and py, | (r, £2) (red dashed line) as a function of /A, in units of p* = 1/(hvpW). (a), (b) LDOS
in the clean case calculated in the normal phase region at o = (0, 0) and at the left N-S interface r;, = (—L/2, 0), respectively. In (c) and (d)
[(e) and (f)], we consider a single nonmagnetic [magnetic] Anderson impurity with (¢4, €7) = (0.2A, 0) [(€q4, €z) = (0.2A, 0.1A)] located in
the normal phase region at r; = ry, and the LDOSs are, respectively, calculated in ro and r(,. In all panels, the junction length is L/§ = 7 /20,
the Fermi level is wo = 5hivp/L, the tunneling amplitude #, = +/ATivpW/(10A,), the phase difference ¢ = 37 /4, and n = 1073 A.

ro = (0,0) and ry = (—L/2,0), respectively, when a non-
magnetic Anderson impurity with parameters (€4, €7) =
(0.2, 0)A 1is present at r; = ry. Figures 3(e) and 3(f) show
the same LDOS when the impurity is magnetic, with param-
eters (€4, €z) = (0.2,0.1)A. For both Anderson impurities,
we fix the tunneling amplitude at ty = \/AhvpW/(10A;). In
the absence of any spin-splitting term, such as the Zeeman
term, the total Hamiltonian ’;qtm is particle-hole symmetric.
This symmetry leads to the identity pe 4 (r, 2) = pn, | (r, —2).
The relation between the spin-down electron and the spin-
down hole LDOS, which is independent of the Hamiltonian,
is pe 1 (r, Q) = pe | (r, 2). Therefore, with a particle-hole

symmetric Hamiltonian, the electron LDOS is independent
of the spin z projection, i.e., pe 1(r, ) = pe | (r, 2). In the
presence of a nonmagnetic Anderson impurity where the
particle-hole symmetry is present [see Figs. 3(c) and 3(d)],
two bound states within the mingap, due to the hybridization
of ABS and impurity, arise at opposite energies, with Q¢ =
—0.185A 2 —¢, and Q, = —o. In Figs. 3(e) and 3(f), the
effect of a magnetic Anderson impurity is taken into account,
which breaks the particle-hole symmetry. This is evidenced
by the emergence of two sharp peaks within the minigap
at energies 29 = —0.098A 2 —e; + €z and Q; = 0.267A <
€4 + €z, which are no longer opposite in energy, 2, # — .
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FIG. 4. LDOS p. 4 (r, €2) (solid black line) and py, | (r, 2) (red dashed line) as a function of /A, in units of p* = 1/(ivpW). In all panels,
the junction length is L/& = 7 /20, the Fermi level is 1o = 5hvp /L, the phase difference ¢ = 37 /4, and n = 1073 A. In (a) and (b) [(c) and
(d)], the LDOS are, respectively, calculated in the normal phase region at ry = (0, 0) and at the left N-S interface rj, = (—L/2, 0), and the GJJ
is affected by a single nonmagnetic (magnetic) Lifshitz impurity with (uq, uz) = (—1/8, 0)hvpW /A, [(ug, uz) = (—1/8, 0.1225)hvpW/A].

IV. SINGLE LIFSHITZ IMPURITY

In this section, we consider an impurity that acts as a source
of elastic scattering processes for the electron system in a
GJJ and is modeled by the Lifshitz model [62]. Similarly to
Sec. III, we consider a localized impurity that is placed at
position r; and at a carbon site that belongs to sublattice A,
which generates the potential

=Y X Y 2% [anm

k'=K.K' k=K ,K' «=A,Ba’'=A,Bs=",]
X 85 980,480 AAS(E — r)Yy ¢ (Va9 (1)

Here, u, is the spin-resolved interaction energy, but spin-flip
processes are excluded. Due to the short-range potential of
the impurity, there is a mixing between the valleys K and K.
We focus on the low-energy electronic system and project the
total Hamiltonian onto the ABS subspace. The ABS Green’s
function can be expressed in the form of a Dyson equation,
see Eq. (44), where the self-energy is given by

(33)

3(Q) = PallpPa
_ + N
=220 Wi wUawag jahl ude a4
.8 g kK
with

Uyg = ugt, + uzl., (55)

ug = (uy +uy)/2, and uz = (uy — uy)/2. Following the pro-
cedure used for a single Anderson impurity (details in
Appendix A), we find that the ABS Green’s function G(Q)
has the form shown in Eq. (46), with

X(Q) — Uy. (56)

Moreover, for both electrons and holes, the LDOS can
be expressed as py(r, ) = ppo(r, Q)+ Sp(r, 2), where
pe.o(r, 2) is equal to Eq. (43), while the modification induced
by a single Lifshitz impurity is given by Eq. (49) with the
substitution in Eq. (56). Figure 4 shows the LDOS for elec-
trons with spin up (solid black line) and holes with spin down
(red dashed line) as a function of energy €2, by selecting
the junction length, Fermi level, and phase difference used
in Fig. 3. Figures 4(a)-4(d) show the LDOS at ry = (0, 0)
and r;, = (—L/2, 0), respectively, in the presence of a non-
magnetic (magnetic) Lifshitz impurity located at r;, = ry and
characterized by (ug, uz) = (—1/8,0)hivpW/A. [(uq, uz) =
(—1/8,0.1225)hivpW/A.]. A nonmagnetic Lifshitz impurity
acts as a source of elastic scattering that does not disrupt
Cooper pairs [63]. Therefore, for any value of u; and u, = 0,
the minigap is not affected by impurity scattering. Indeed,
in Figs. 4(a) and 4(b), the LDOS pg.+ and pgp, are ex-
actly zero within the energy range 2 < §(¢), despite the
presence of a strongly attractive nonmagnetic Lifshitz im-
purity. In Appendix C, we verify semi-analytically that the
emergence of a bound state within the minigap energy gener-
ated by the nonmagnetic Lifshitz impurity is impossible. The
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FIG. 5. LDOS of electrons with spin-up p.4(r, €2) (a) and holes with spin-down py, (r, ©2) (b), respectively, evaluated as a function of
the coordinate y/L, along the N-S interface r = (—L/2,y). We consider a single impurity located in the normal phase region at r, = (0, 0),
and the energy value €2 corresponds to a sharp peak within the minigap induced by the impurity. The electron and hole LDOSs are expressed
in units of pmax = pPer ((—L/2, 0), ). The solid black line and the green dashed line refer to an Anderson impurity: the first is nonmagnetic,
with (€4, €2) = (0.2A,0) and 2y = —0.185A, and the second is magnetic, with (g4, €z) = (0.2A,0.1A) and Qy = —0.098A, the tunneling
amplitude #, for both cases is equal to /ATiwpW/(10A.). The dashed-dotted blue line refers to a magnetic Lifshitz impurity with (ug, uz) =
(—1.8,0.1225)ivpW /A, and Q¢ = —0.272A. (c), (d) Partial Fourier transforms p.s(k; —L/2, Q2¢) and py (k; —L/2, €2), defined in Eq. (57)
as a function of kL, calculated, respectively, for the cases shown in (a) and (b), and in units of Pnax = Pey (0; —L/2, ). Here, the vertical lines

indicate k; (red solid line) and 2k; (red dashed line), where k;L = \/(uOL)z/(th)z — 2. In all panels, the junction length is L/& = 7 /20, the
Fermi level is iy = 5hivp/L, the phase difference ¢ = 37 /4, and n = 1073 A.

spin-independent strong attractive interaction considered pro-
duces a pair of symmetric peaks, Q¢ = —0.623A and Q) =
—p, which appear outside the minigap energy window,
3(¢p) < || < A, and preserves the particle-hole symme-
try property peq(r, 2) = pny (r, —2). In contrast, a magnetic
Lifshitz impurity, which breaks the particle-hole symmetry,
is a source of elastic scattering processes that can disrupt
Cooper pairs [44]. In Figs. 4(c) and 4(d), we consider a spin-
resolved potential, with uy = ug +uz = 0.25x 10~ 2hvpW/A,
and u, = uy — uz = —0.2475hvpW/A.. This term uz reduces
the interaction with the spin-up channel and increases the
attractive interaction with the spin-down channel. Two sharp
peaks appear at Qy = —0.272A and 2, = 0.786A, and only
the first one is within the minigap energy window. Moreover,
in Figs. 3 and 4, it is shown that the profiles pg ¢4 (rp, $2)
and pony(rg, ) calculated along the N-S boundary are in-
distinguishable. This holds independently of the presence
or type of impurity (see the right-hand panels). This sym-
metry emerges from the form of the eigenfunction on the
superconducting side, as expressed in Eq. (12), where the
spin-up electron and spin-down hole are equal in magnitude

regardless of energy. However, this symmetry is not
maintained in the normal-phase region, where the junction has
a finite length L. In fact, for any generic k and finite energy E,
the transfer matrix 7 (k, E;x) acts differently on the spin-up
electron and spin-down hole sectors.

V. ANALYSIS IN REAL SPACE

In this section, we investigate the structure of the density
fluctuations that are generated near the impurity, which can re-
sult in a sharp peak in the LDOS at an energy within the mini-
gap energy 6(¢). In the presence of a single impurity at r; =
(xq4,y4) = (0, 0), Figs. 5(a), 5(b), 6(a), and 6(b) [Figs. 7(a),
7(b), 8(a), and 8(b)] show the LDOS for spin-up electrons
and spin-down holes, respectively, along the transverse di-
rection r = (x4, y) and the N-S interface r = (—L/2, y), with
the Fermi level set at py = Shvp/L [o = 8hvp/L]. In all
panels, €2 is the energy at which a sharp peak of the LDOS
appears in the range of —6(¢) < o < 0. We have considered
an Anderson nonmagnetic impurity (solid black line), an An-
derson magnetic impurity (green dashed line), and a Lifshitz

013189-9



IGNAZIO VACANTE et al.

PHYSICAL REVIEW RESEARCH 7, 013189 (2025)

(a)
1.00 1 Non-mag Anderson
== Mag Anderson
[>§ =+ Mag Lifshitz
£ 0.75 1
~
=
S 0.50 A
N
k)
X 0.25 A
0.00 T T : . T
0 1 2 3 4 5 6
y/L
(c)
1.00 4 — k1 i
v - 2Ky i
E :
< 0.75 :
= :
< i
< :
2050 - |
y :
< |
< 0.25 1 :
2 2> \:\
0.00 ; ; : | . ; ;
-20 —-15 =10 =5 O 5 10 15 20
kL

b
( ) 1.00 - = Non-mag Anderson
: == Mag Anderson
é ==+ Mag Lifshitz
g
QU
~
—
(=}
G
o
=
_
<
QU

(d)
1.004 — 4, ;
% - 2k ) :
£ i !
§ 0.75 - i |
S i
= 0.50 - |
8 !
& i
= 0.25 - |
,I: 1
'S oo
0.00 e \ —
20 -15 -10 =5 0 5 10 15 20
kL

FIG. 6. LDOS of electrons with spin-up p.4(r, €29) (a) and holes with spin-down py,, (r, ©2) (b), respectively, evaluated as a function of
the coordinate y/L, where r = (x,, y). We consider a single impurity located in the normal phase region at r; = (0, 0), and the energy value
Qo corresponds to a sharp peak within the minigap induced by the impurity. The LDOSs of both electrons and holes are expressed in units
Of Pmax = Pet (ra, ). The solid black line and the green dashed line refer to an Anderson impurity: the first is nonmagnetic, with (¢4, €7) =
(0.2A,0) and 29 = —0.185A, and the second is magnetic, with (4, €z) = (0.2A,0.1A) and 2y = —0.098 A, the tunneling amplitude for both
cases is equal to /AfivpW/(10A.). The dashed-dotted blue line refers to a magnetic Lifshitz impurity with (ug4, uz) = (—1.8, 0.1225)hvpW /A,
and Qy = —0.272A. (c), (d) Partial Fourier transforms pe4 (k; x4, $20) and py (k; x4, o), defined in Eq. (57) as a function of kL, calculated,
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2k, (red dashed line), where k| L = \/(/L()L)z/(flv[))z — 2. In all panels, the junction length is L/é = 7 /20, the Fermi level is uo = 5hvp/L,

the phase difference is ¢ = 37 /4, and n = 1073A.

magnetic impurity (blue dashed-dotted line). For all cases
considered, the finite signals of the LDOSs shown here are
consequences of the hybridization between the impurity and
the ABSs. In fact, the LDOSs for a clean GIJ both p¢4 o(r, £29)
and pn . 0(r, o) are exactly zero. Moreover, regardless of the
nature of the impurity, the LDOS exhibits a similar pattern of
oscillations. This oscillatory behavior reminds us of Friedel
oscillations that arise in an electron gas from localized pertur-
bations [64], where their characteristic wave vector 2kg is a
direct consequence of an important property of the perturbed
system, namely, the existence of a sharp Fermi surface in an
electron gas [65]. We now explore the Fourier analysis of the
spatial pattern of the LDOS to determine what information
about the ABSs in a GJJ can be obtained. To this aim, we
define the partial Fourier transform as

o0
Ptk x, Q) = / dye ™ py(r, Q), (57)

—00
where £ = {e 1, h |}, and they have been calculated by using
the fast Fourier transform algorithm [61] (details in Ap-
pendix B). Figures 5(c), 5(d), 6(c), and 6(d) [Figs. 7(c),

7(d), 8(c), and 8(d)] show, respectively, the partial Fourier
transform py(k; —L/2, Qo) and py(k; x4, 20) € ={e 1,h |})
of the LDOS illustrated in Figs. 5(a), 5(b), 6(a), and 6(b)
[Figs. 7(a), 7(b), 8(a), and 8(b)], and the Fermi level is o =
Shup/L [o = 8hvp/L]. Independently of the type of impu-
rity and doping level, p,(k; —L/2, 2¢) and py(k; x4, 29) have
a global maximum at k = 0, indicating that the most effective
scattering processes that lead to the bound state at €2p have
zero transferred momentum. In addition to the peak at k = 0,
for both doping levels under consideration, py(k; —L/2, Q)
and pg(k; x4, Qo) show a pronunciated profile around finite
wave numbers. To understand the origin of these special
transferred momenta, we recall that Fig. 2 shows how the
ABS dispersion relation € (k, ¢) and the analytical expression
Ek,p) = A\/l — 7(k) sin?(¢/2) have extrema located at the
same momenta [57]. In particular, for a given phase difference
¢, the minima of £(k, ¢) occur when the transmission prob-
ability 7 (k) reaches its maximum value t(k) = 1 (total trans-
mission). For the normal state of graphene electron gas [41],
the total transmission occurs for ky = 0 (Klein tunneling [60])

and for £k, = £v/ul/(hvp)?> — (n)?/L? (stationary wave
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FIG. 7. LDOS of electrons with spin up (a) and holes with spin down (b), pes (¥, £20) and oy (r, ©29), respectively, evaluated as a function
of the coordinate y/L, along the N-S interface r = (—L/2,y). We consider a single impurity located in the normal phase region at r, =
(0, 0), and the energy value €2y corresponds to a sharp peak within the minigap induced by the impurity. The LDOS of both electrons and
holes are expressed in units of ppax = per ((—L/2,0), o). Solid black line and green dashed line refer to an Anderson impurity: the first
is nonmagnetic, with (€4, €z) = (0.2A, 0) and 7 = —0.17A, and the second is magnetic, with (&4, €z) = (0.2A, 0.1A) and 7 = —0.09A,
the tunneling amplitude for both cases is equal to /AhvpW/(10A.). The dashed-dotted blue line refers to a magnetic Lifshitz impurity with
(uq, uz) = (—1.8,0.1225)hvpW/A, and 2y = —0.21A. (c), (d) Partial Fourier transforms pes(k; —L/2, Q) and gy (k; —L/2, ), defined
in Eq. (57) as a function of kL, calculated, respectively, for the cases shown in (a) and (b) and in units of Pyax = Pey(0; —L/2, o). Here,
the vertical lines indicate k; (red solid line), 2k, (red dashed line), 2k, (cyan solid line), k, (cyan dashed line), k; — k, (magenta solid line),

ki + k, (magenta dashed line), where k,L = \/(MOL)Z/(F[UD)Z — n272. In all panels, the junction length is L/& = 7 /20, the Fermi level is

o = 8hvp/L, the phase difference ¢ = 37 /4, and n = 1073 A.

condition), where n = 1, ..., |uoL/(whvp)] (|-] is the inte-
ger part). Klein tunneling is independent of the doping level,
whereas the number of momenta that satisfy the stationary
wave condition is a function of the doping level. For example,
at a doping level ug = Shvp/L, only £k, satisfy the stationary
wave condition. When the doping level increases to wo =
8hvp /L, +k| and +k, satisfy the stationary wave condition.
At special momenta kq and =£k,, which correspond to highly
transmissive channels of the normal graphene stripe, the ABS
dispersion relation €(k, ¢) shows quasidegenerate minima,
and at these energy values, the density of states exhibits square
root divergences [34]. At the doping level uo = Shvp/L, re-
gardless of the nature of the impurity, along the N-S interface
x = —L/2, we observe in Figs. 5(a) and 5(b) an oscillating be-
havior of spin-up electrons and spin-down holes LDOSs with
a characteristic wave number 2k;, as confirmed by the partial
Fourier transform in Figs. 5(c) and 5(d), where pronounced
peaks around +2k; appear. Along the x = x,; line within the
normal phase region, both the spin-up electron and spin-down
hole LDOSs show a pattern in Figs. 6(a) and 6(b) that is rem-
iniscent of beats. In fact, in the corresponding partial Fourier

transforms in Figs. 6(c) and 6(d), pronounced peaks appear
around two wave numbers k; and 2k;. This result suggests
that the scattering processes with exchanged momentum 2k
and k; play a crucial role in the generation of bound states, and
that the ABSs involved have momenta around the special ones
ko and £k;. At the doping level of py = 8fivp/L, the spin-up
electron and spin-down hole LDOSs along the N-S interface at
x = —L/2 display an oscillating behavior with a wave number
of 2k,, as seen in Figs. 7(a) and 7(b). The partial Fourier
transforms in Figs. 7(c) and 7(d) provide further confirmation,
with two distinct peaks at +2k,. Along the x = x, line in the
normal phase region, both the spin-up electron and spin-down
hole LDOSs in Figs. 7(a) and 7(b) show a pattern that resem-
bles beats, and the partial Fourier transforms in Figs. 7(c) and
7(d) are prominent around *+(k; — k) and £(k; + k). This
result indicates that the momenta of ABSs more involved in
the formation of the bound states are close to the specific
values ko, k|, and £k;. In conclusion, the Fourier analysis
of LDOS reveals the momenta mainly involved in the scatter-
ing processes with ABSs associated with a high transmission
probability 7 (k), corresponding to the minima of €(k, ¢).
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FIG. 8. LDOS of electrons with spin up (a) and holes with spin down (b), pes (¥, £20) and oy (r, ©29), respectively, evaluated as a function
of the coordinate y/L, where r = (x4, y). We consider a single impurity located in the normal phase region at r; = (0, 0), and the energy value
Qp corresponds to a sharp peak within the minigap induced by the impurity. The LDOS of both electrons and holes are expressed in units of
Pmax = Pet (Fg, Qo). Solid black line and green dashed line refer to an Anderson impurity: the first is nonmagnetic, with (¢4, €7) = (0.2A, 0)
and Q¢ = —0.17A, and the second is magnetic, with (&4, €z) = (0.2A,0.1A) and y = —0.09A, the tunneling amplitude for both cases
is equal to /AhvpW/(10A.). The dashed-dotted blue line refers to a magnetic Lifshitz impurity with (ug4, uz) = (—1.8, 0.1225)hivpW /A,
and Qy = —0.21A. (c), (d) Partial Fourier transforms P4 (k; x4, o) and pp, (k; x4, €20), defined in Eq. (57) as a function of kL, calculated,
respectively, for the cases shown in (a) and (b), and in units of Pma = Peq (05 X4, o). Here, the vertical lines indicate k; (red solid line),
2k, (red dashed line), 2k, (cyan solid line), k, (cyan dashed line), k; — k, (magenta solid line), k; + k, (magenta dashed line), where k,L =
\/(uOL)Z/(th)Z — n272. In all panels, the junction length is L/& = 7 /20, the Fermi level is wo = 8/ivp /L, the phase difference ¢ = 37 /4,

and n = 1073A.

VI. CONCLUSIONS

In this paper, we investigated the LDOS in the normal
phase stripe of a ballistic short GJJ. In particular, we studied
spatial effects in the vicinity of a short-range impurity and
the generation of bound states resulting from the hybridization
with ABSs. We examined two distinct descriptions of a single
short-range impurity, namely, the Anderson model and the
Lifshitz model. In the Anderson model, the impurity is a
source of inelastic scattering, whereas in the Lifshitz model
scattering is elastic. We have found that in the absence of
magnetic terms, the Lifshitz impurity does not produce any
bound state within the minigap. This result can be seen as a
consequence of the Anderson theorem, which states that this
kind of impurity cannot disrupt Cooper pairs. On the other
hand, the Anderson impurity is capable of forming two bound
states within the minigap, which are symmetric in energy with
respect to the Fermi level. By introducing a magnetic term, we
find that the Lifshitz impurity disrupts Cooper pairs and can
induce a bound state within the minigap. For the Anderson
model, an additional magnetic term can break the energy

symmetry of the two bound states within the minigap. There-
fore, from the energy features of the LDOS within the
minigap, the nature of an impurity coupled to the electron
system of a short ballistic GJJ can be distinguished. We have
also studied the spatial structure of the density fluctuations
at a bound state within the minigap. We found that, except
for the Lifshitz nonmagnetic model, for fixed phase difference
and Fermi level, the LDOS exhibits a unique oscillating and
decreasing trend as one moves away from the impurity, re-
gardless of the nature of the impurity. For each spatial profile,
the corresponding Fourier analysis shows that the character-
istic wave vectors of the density oscillations are connected
to the momenta of the high-transmissive channels in ballistic
graphene, providing insight into the properties of normal-
phase graphene.
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APPENDIX A: CALCULATION OF THE ABS’S GREEN
FUNCTION WITH A SINGLE IMPURITY

In this Appendix, we show the details for the calculation of
the ABS’s Green’s function in the presence of a short-range
impurity. The approach described below is used for both the
Anderson model (see Sec. III) and the Lifshitz model (see
Sec.IV). In both cases, the ABS’s Green’s function is involved
in a Dyson series, see Eqgs. (45)—(54), of the form

G(R) = Go(R) + Go()T(R)G(Q),
where Go(2) is defined in Eq. (40) and

Z Z Z w;:,j,kX(Q)wdi’vf’,k’JA’;,/'.,kf/f’J"""

¢80 g kK

Q) =

(AD)

For the Anderson model, we have the following correspon-
dence:

12 0
X(Q2) — |:Q(€"+EZ) 2 :| (A2)
0 Q+(ea—€z)

which is equal to #; 2G4(S2), defined in Eq. (52). Whereas, for
the Lifshitz model, we have

Ug + u; 0 i|

X(Q)—>|: 0 gt | (A3)

which corresponds with Uy, defined in Eq. (55). By expanding
the ABS Green’s function as

G@) =) G.(),

n=0

(A4)

where the nth term
Gu(Q) = Go(Q[E (G0 ()",

for n > 0 it can be expressed as

G@=33 5

JJ g kK

(AS5)

T n—
Je(k G el e X O

X (Qwa o wGo(J's K, QP (Do, (A6)

where

v =Y i ity gy (a7

S jek.9)

It is convenient to write the ABS Green’s function as

GD=0@D+3.) > 5 _]e(k e ) Ve aX (D
JJs kK
o0 1 .
x Y"(m]wd,;/, et AN TR
{2 TRQ ek, ¢y Hk

In the square brackets, we have isolated the geometric series
of ratio Y (£2), which can be expressed in a closed form, and
G(£2) can be written in the form

G =G+ D D Fienjow( QP i Vies
¢80 g kK
(A8)
where
1
Froieip(@Q)=—w . X(Q)[1, —Y(Q)]"
{,],k,{,],k( ) Q—jé(k,(ﬁ)wd’;’]’k ( )[ T ( )]
1
' ———————————. A
CHeI W 9) (4

The result expressed in Eq. (A8) is formally valid for both
types of impurities, the differences from the Anderson model
and the Lifshitz model are generated by the form of the corre-
sponding matrix X (2); see Eqs. (A2) and (A3).

APPENDIX B: NUMERICAL FOURIER TRANSFORM

The discrete Fourier transform (DFT) is a mathematical
operation that converts a finite sequence of discrete complex
values {z,} into another sequence {Z;}, according to the defi-
nition

N—1
Z] — Z e—iann/NZm (Bl)
n=0
and the inverse operation (IDFT) is defined as
| V!
27 jn/N ~
W= ;e Nz (B2)

Both of these can be calculated rapidly using the FFT [61].
We demonstrate how IDFT has been used to calculate the
4 x4 matrix Go(r, ¥, Q). According to Eq. (42), each entry of
Go(r, 7, Q) is an inverse Fourier transform from the k domain
to the y domain, i.e.,

fO) =Y M k). (B3)
k
In the case of a wide GJJ (W > L, &), the summation over k
can be replaced by an integration:
| I

10 =5 [ ke fo (B4)
27 J_o
Now, we take f (Zc) in the range [—kmax, kmax] and select the
finite sequence f; = f(k; — kmax), With k; = 2k, j/N and
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j=0,...,N — 1. Using the definition of IDFT, we have the
following:

1 N—-1

fo= 7 2 € Tk — Knas), (BS)

j=0

where y, = wn/kmax. So, the resolution in the y domain
is Ay = 7 /kmax and the spatial range is [—7N/(2kmax),
TN/ (2kmax)]. When kpay is kept constant, the discrete values
obtained by the IDFT approach the following expression in
the limit of large N > 1:

1 Kmax _—
fo=g— [ ket o, (B6)
2kmax _kmax
Comparing with Eq. (B4), we can see that
kmaxW
fOn) = lim  lim —=—f,. (B7)

kimax —> 00 N— 00 b

To calculate Gy(r, ¥, ), we have taken the expression above
with the finite values of N = 23062 and kpn.x = 100/L.
According to this approximation, the function f(y) is cal-
culated over the spatial range [—Ymax, Ymax], Where ymax =
362.2L. To calculate numerically the partial Fourier transform
Pe(k; x, ), defined in Eq. (57), we have used an analogous
approach. For a given pair of x and €2, p,(k;x, €2) has a form
of the type below:

o0
&k) = / dye ™ g(y). (B8)
—00

We consider the function g(y) in the interval [—Ymax, Ymax]
and select a finite sequence g, = g(Vy, — Ymax), Where y, =
2Yymax(n/N)and n =0, ..., N — 1. Keeping fixed ymax, in the
limit N — oo the discrete values obtained by the DFT of
Eq. (B1) tend to be

N Ymax

2y max. ' —Ymax

g dye™"2 g(y). (BY)
with kj = 7 j/Ymax, comparing it with Eq. (B8), we find
g(k;) =1limy,, oo limy_, o 2-?3“ ;. To calculate p,(k;x, Q),
we have used an approximation of the limit above, taking the
finite values of N = 23062 and yn.x = 362.2L. This enabled
us to compute the partial Fourier transform in the range of
[—100/L, 100/L].

Det udlAc = Go(rg,ra, D — Go(ra, ra, Q)
c = —
Go(ra,ra, 2)31 + Go(ra, ra, Q)

_ _ =0.
— i — Gora, ra, Q)33 — Go(ra, ra, Q)44i|

MdAc

05 00 0.5 1.0
Q/5(0)

FIG. 9. Discriminant D(2) defined in Eq. (C3), in units of p*?
where p* = 1/(hvpW), as a function of the energy 2 within the
minigap 6(¢) = mini[e(k, ¢)]. Black lines refer to po = Shvp/L
and red lines refer to py = 8Aivp/L. There are three values of the
phase difference: ¢ = 37 /4 (solid lines), ¢ = 0.1z (dashed lines),
and ¢ = 0.9 (dashed-dotted lines). In all cases, we have a finite
short junction length L/& = /20 and the impurity is placed in the
middle of the normal phase stripe atr, = (0, 0).

—-1.0

APPENDIX C: IMPOSSIBILITY OF A BOUND STATE
GENERATED BY A NONMAGNETIC LIFSHITZ IMPURITY

In this Appendix, we show that a single nonmagnetic Lif-
shitz impurity cannot create a bound state in the subgap energy
range |E| < A. For a given phase difference ¢, within the
subgap energy window, the only region in which a generic
impurity can create a bound state (with infinite lifetime)
is within the minigap, §(¢) = ming[e(k, ¢)]. In particular,
the occurrence of a pole of the function F; j . i1 (£2), see
Eq. (A9), indicates the emergence of a bound state due to
the hybridization of ABSs and the single impurity [64]. This
is possible if there is an energy €2 that solves the following
condition:

Det[1, — Y(Q)] = 0, (C1)

where the form of Y (€2) depends on the specific nature of
the impurity (see Appendix A). Here, we focus on the case
of a single nonmagnetic Lifshitz. Using Egs. (50) and (56),
after simple algebraic manipulations, below we report an
equivalent equation to Eq. (C1) in terms of the 4x4 matrix
Go(r,r, ), defined in Eq. (42), i.e.,

Go(ra,ra, 13 + Go(ra, ra, Q)24
(C2)

Conversely, we see that for any energy Q2 within the minigap |Q2| < 6(¢), Eq. (C2) is an algebraic quadratic equation where the
unknown variable is 1/(usA.). This algebraic equation has at least one real solution only if its associated discriminant D(£2) is

non-negative, D(£2) > 0, where

D(Q) =[Gora, ra, D11 + Gora, ra, R + Go(ra, ra, Q)33 + Gora, ra, )asl?

— 4[Go(rg, ra, 13 + Go(ra, ra, 2allGo(ra, ra, Q)31 + Go(ra, ra, Q.

(C3)
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Figure 9 illustrates the discriminant D(€2) as a function
of the energy 2 within the minigap §(¢) for three dif-
ferent values of the phase difference: ¢ =37 /4 (solid
lines), ¢ = 0.17 (dashed lines), and ¢ = 0.97 (dashed-dotted
lines), and two values of the Fermi level: wo = Shvp/L
(black lines) and wo = 8Avp/L (red lines). In all the cases

presented, we have a finite short junction length L/& = 7 /20,
and the impurity is placed in the middle of the normal
phase stripe r; = (0, 0). Here, the discriminant D(£2) is al-
ways negative, which confirms that a nonmagnetic Lifshitz
single impurity cannot generate a bound state within the
minigap.

[1] A. Laucht, F. Hohls, N. Ubbelohde, M. F. Gonzalez-Zalba, D.
J. Reilly, S. Stobbe, T. Schroder, P. Scarlino, J. V. Koski, A.
Dzurak, C.-H. Yang, J. Yoneda, F. Kuemmeth, H. Bluhm, J. Pla,
C. Hill, J. Salfi, A. Oiwa, J. T. Muhonen, E. Verhagen et al.,
Roadmap on quantum nanotechnologies, Nanotechnology 32,
162003 (2021).

[2] N. P. de Leon, K. M. Itoh, D. Kim, K. K. Mehta, T. E. Northup,
H. Paik, B. S. Palmer, N. Samarth, S. Sangtawesin, and D. W.
Steuerman, Materials challenges and opportunities for quantum
computing hardware, Science 372, eabb2823 (2021).

[3] T. W. Larsen, K. D. Petersson, F. Kuemmeth, T. S. Jespersen,
P. Krogstrup, J. Nygard, and C. M. Marcus, Semiconductor-
nanowire-based superconducting qubit, Phys. Rev. Lett. 115,
127001 (2015).

[4] G. de Lange, B. van Heck, A. Bruno, D. J. van Woerkom, A.
Geresdi, S. R. Plissard, E. P. A. M. Bakkers, A. R. Akhmerov,
and L. DiCarlo, Realization of microwave quantum cir-
cuits using hybrid superconducting-semiconducting nanowire
Josephson elements, Phys. Rev. Lett. 115, 127002 (2015).

[5] F. Nichele, E. Portolés, A. Fornieri, A. M. Whiticar, A. C. C.
Drachmann, S. Gronin, T. Wang, G. C. Gardner, C. Thomas,
A. T. Hatke, M. J. Manfra, and C. M. Marcus, Relating Andreev
bound states and supercurrents in hybrid Josephson junctions,
Phys. Rev. Lett. 124, 226801 (2020).

[6] A. Kringhgj, L. Casparis, M. Hell, T. W. Larsen, F. Kuemmeth,
M. Leijnse, K. Flensberg, P. Krogstrup, J. Nygard, K. D.
Petersson, and C. M. Marcus, Anharmonicity of a supercon-
ducting qubit with a few-mode Josephson junction, Phys. Rev.
B 97, 060508(R) (2018).

[7]1 A. Kringhgj, T. W. Larsen, B. van Heck, D. Sabonis, O.
Erlandsson, I. Petkovic, D. I. Pikulin, P. Krogstrup, K. D.
Petersson, and C. M. Marcus, Controlled dc monitoring of a
superconducting qubit, Phys. Rev. Lett. 124, 056801 (2020).

[8] K.-H. Lee, S. Chakram, S. E. Kim, F. Mujid, A. Ray, H. Gao, C.
Park, Y. Zhong, D. A. Muller, D. I. Schuster, and J. Park, Two-
dimensional material tunnel barrier for Josephson junctions and
superconducting qubits, Nano Lett. 19, 8287 (2019).

[9] A. Antony, M. V. Gustafsson, G. J. R., M. Ware, A. Rajendran,
L. C. G. Govia, T. A. Ohki, T. Taniguchi, K. Watanabe, J. Hone,
and K. C. Fong, Miniaturizing transmon qubits using van der
Waals materials, Nano Lett. 21, 10122 (2021).

[10] L. Casparis, M. R. Connolly, M. Kjaergaard, N. J. Pearson,
A. Kringhgj, T. W. Larsen, C. T. F. Kuemmeth andT. Wang,
S. Gronin, G. C. Gardner, M. J. Manfra, C. M. Marcus, and
K. D. Petersson, Superconducting gatemon qubit based on a
proximitized two-dimensional electron gas, Nat. Nanotechnol.
13,915 (2018).

[11] J. L.-J. Wang, D. Rodan-Legrain, L. Bretheau, D. L. Campbell,
B. Kannan, D. Kim, M. Kjaergaard, P. Krantz, G. O.
Samach, F. Yan, J. L. Yoder, K. Watanabe, T. Taniguchi,
T. P. Orlando, S. Gustavsson, P. Jarillo-Herrero, and W. D.

Oliver, Coherent control of a hybrid superconducting circuit
made with graphene-based van der Waals heterostructures,
Nat. Nanotechnol. 14, 120 (2019).

[12] F. E. Schmidt, M. D. Jenkins, K. Watanabe, T. Taniguchi, and
G. A. Steele, A ballistic graphene superconducting microwave
circuit, Nat. Commun. 9, 4069 (2018).

[13] J. G. Kroll, W. Uilhoorn, K. L. van der Enden, D. de Jong,
K. Watanabe, M. C. Cassidy, and L. P. Kouwenhoven, Mag-
netic field compatible circuit quantum electrodynamics with
graphene Josephson junctions, Nat. Commun. 9, 4615 (2018).

[14] J. Shabani, M. Kjaergaard, H. J. Suominen, Y. Kim, F. Nichele,
K. Pakrouski, T. Stankevic, R. M. Lutchyn, P. Krogstrup,
R. Feidenhans’l, S. Kraemer, C. Nayak, M. Troyer, C. M.
Marcus, and C. J. Palmstrgm, Two-dimensional epitaxial
superconductor-semiconductor heterostructures: A platform for
topological superconducting networks, Phys. Rev. B 93, 155402
(2016).

[15] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S. Das
Sarma, Non-Abelian anyons and topological quantum compu-
tation, Rev. Mod. Phys. 80, 1083 (2008).

[16] C. R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang, S.
Sorgenfrei, K. Watanabe, T. Taniguchi, P. Kim, K. L. Shepard,
and J. Hone, Boron nitride substrates for high-quality graphene
electronics, Nat. Nanotechnol. 5, 722 (2010).

[17] A. S. Mayorov, R. V. Gorbachev, S. V. Morozov, L. Britnell,
R. Jalil, L. A. Ponomarenko, P. Blake, K. S. Novoselov, K.
Watanabe, T. Taniguchi, and A. K. Geim, Micrometer-scale bal-
listic transport in encapsulated graphene at room temperature,
Nano Lett. 11, 2396 (2011).

[18] L. Wang, 1. Meric, P. Y. Huang, Q. Gao, Y. Gao, H. Tran, T.
Taniguchi, K. Watanabe, L. M. Campos, D. A. Muller, J. Guo, P.
Kim, J. Hone, K. L. Shepard, and C. R. Dean, One-dimensional
electrical contact to a two-dimensional material, Science 342,
614 (2013).

[19] V.E. Calado, S. Goswami, G. Nanda, M. Diez, A. R. Akhmerov,
K. Watanabe, T. Taniguchi, T. M. Klapwijk, and L. M. K.
Vandersypen, Ballistic Josephson junctions in edge-contacted
graphene, Nat. Nanotechnol. 10, 761 (2015).

[20] M. Ben Shalom, M. J. Zhu, V. 1. Fal’ko, A. Mishchenko, A. V.
Kretinin, K. S. Novoselov, C. R. Woods, K. Watanabe, T.
Taniguchi, A. K. Geim, and J. R. Prance, Quantum oscillations
of the critical current and high-field superconducting proximity
in ballistic graphene, Nat. Phys. 12, 318 (2016).

[21] I. V. Borzenets, F. Amet, C. T. Ke, A. W. Draelos, M. T.
Wei, A. Seredinski, K. Watanabe, T. Taniguchi, Y. Bomze, M.
Yamamoto, S. Tarucha, and G. Finkelstein, Ballistic graphene
Josephson junctions from the short to the long junction regimes,
Phys. Rev. Lett. 117, 237002 (2016).

[22] M. T. Allen, O. Shtanko, I. C. Fulga, J. I.-J. Wang, D. Nurgaliev,
K. Watanabe, T. Taniguchi, A. R. Akhmerov, P. Jarillo-
Herrero, L. S. Levitov, and A. Yacoby, Observation of electron

013189-15


https://doi.org/10.1088/1361-6528/abb333
https://doi.org/10.1126/science.abb2823
https://doi.org/10.1103/PhysRevLett.115.127001
https://doi.org/10.1103/PhysRevLett.115.127002
https://doi.org/10.1103/PhysRevLett.124.226801
https://doi.org/10.1103/PhysRevB.97.060508
https://doi.org/10.1103/PhysRevLett.124.056801
https://doi.org/10.1021/acs.nanolett.9b03886
https://doi.org/10.1021/acs.nanolett.1c04160
https://doi.org/10.1038/s41565-018-0207-y
https://doi.org/10.1038/s41565-018-0329-2
https://doi.org/10.1038/s41467-018-06595-2
https://doi.org/10.1038/s41467-018-07124-x
https://doi.org/10.1103/PhysRevB.93.155402
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1021/nl200758b
https://doi.org/10.1126/science.1244358
https://doi.org/10.1038/nnano.2015.156
https://doi.org/10.1038/nphys3592
https://doi.org/10.1103/PhysRevLett.117.237002

IGNAZIO VACANTE et al.

PHYSICAL REVIEW RESEARCH 7, 013189 (2025)

coherence and Fabry—Perot standing waves at a graphene edge,
Nano Lett. 17, 7380 (2017).

[23] F. Amet, C. T. Ke, 1. V. Borzenets, J. Wang, K. Watanabe, T.
Taniguchi, R. S. Deacon, M. Yamamoto, Y. Bomze, S. Tarucha,
and G. Finkelstein, Supercurrent in the quantum Hall regime,
Science 352, 966 (2016).

[24] L. Bretheau, J. I.-J. Wang, R. Pisoni, K. Watanabe, T. Taniguchi,
and P. Jarillo-Herrero, Tunnelling spectroscopy of Andreev
states in graphene, Nat. Phys. 13, 756 (2017).

[25] G.-H. Lee, D. K. Efetov, W. Jung, L. Ranzani, E. D. Walsh,
T. A. Ohki, T. Taniguchi, K. Watanabe, P. Kim, D. Englund,
and K. C. Fong, Graphene-based Josephson junction microwave
bolometer, Nature (London) 586, 42 (2020).

[26] R. Kokkoniemi, J.-P. Girard, D. Hazra, A. Laitinen, J. Govenius,
R. E. Lake, 1. Sallinen, V. Vesterinen, M. Partanen, J. Y.
Tan, K. W. Chan, K. Y. Tan, P. Hakonen, and M. Moéttonen,
Bolometer operating at the threshold for circuit quantum elec-
trodynamics, Nature (London) 586, 47 (2020).

[27] E. D. Walsh, W. Jung, G.-H. Lee, D. K. Efetov, B.-I. Wu, K.-
F. Huang, T. A. Ohki, T. Taniguchi, K. Watanabe, P. Kim, D.
Englund, and K. C. Fong, Josephson-junction infrared single-
photon detector, Science 372, 409 (2021).

[28] S. Park, W. Lee, S. Jang, Y.-B. Choi, J. Park, W. Jung, K.
Watanabe, T. Taniguchi, G. Y. Cho, and G.-H. Lee, Steady
Floquet-Andreev states in graphene Josephson junctions,
Nature (London) 603, 421 (2022).

[29] S. Messelot, N. Aparicio, E. de Seze, E. Eyraud, J. Coraux, K.
Watanabe, T. Taniguchi, and J. Renard, Direct measurement of
a sin(2¢) current phase relation in a graphene superconduct-
ing quantum interference device, Phys. Rev. Lett. 133, 106001
(2024).

[30] A. A. Golubov, M. Y. Kupriyanov, and E. II’ichev, The current-
phase relation in Josephson junctions, Rev. Mod. Phys. 76, 411
(2004).

[31] L. Bretheau, I. M. C. O. Girit, C. Urbina, D. Esteve, and
H. Pothier, Supercurrent spectroscopy of Andreev states,
Phys. Rev. X 3, 041034 (2013).

[32] P. Schmidt, L. Banszerus, B. Frohn, S. Blien, K. Watanabe,
T. Taniguchi, A. K. Hiittel, B. Beschoten, F. Hassler, and C.
Stampfer, Tuning the supercurrent distribution in parallel ballis-
tic graphene Josephson junctions, Phys. Rev. Appl. 20, 054049
(2023).

[33] J. L-J. Wang, L. Bretheau, D. Rodan-Legrain, R. Pisoni,
K. Watanabe, T. Taniguchi, and P. Jarillo-Herrero, Tunneling
spectroscopy of graphene nanodevices coupled to large-gap
superconductors, Phys. Rev. B 98, 121411(R) (2018).

[34] F. M. D. Pellegrino, G. Falci, and E. Paladino, Effect of dilute
impurities on short graphene Josephson junctions, Commun.
Phys. §, 265 (2022).

[35] F. M. D. Pellegrino, G. Falci, and E. Paladino, Charge carrier
density noise in graphene: Effect of localized/delocalized traps,
J. Stat. Mech. (2019) 094015.

[36] C. Kumar and A. Das, Effect of boron nitride defects and
charge inhomogeneity on 1/f noise in encapsulated graphene,
Appl. Phys. Lett. 119, 223106 (2021).

[37] F. M. D. Pellegrino, G. Falci, and E. Paladino, 1/f critical
current noise in short ballistic graphene Josephson junctions,
Commun. Phys. 3, 6 (2020).

[38] F. M. D. Pellegrino, G. Falci, and E. Paladino, Low-frequency
critical current noise in graphene Josephson junctions in the

open-circuit gate voltage limit, Eur. Phys. J. Spec. Top. 230,
821 (2021).

[39] E. Paladino, Y. M. Galperin, G. Falci, and B. L. Altshuler,
1/f noise: Implications for solid-state quantum information,
Rev. Mod. Phys. 86, 361 (2014).

[40] B. Spagnolo, P. Caldara, A. La Cognata, G. Augello, and D.
Valenti, Relaxation phenomena in classical and quantum sys-
tems, Acta Phys. Pol. B 43, 1169 (2012).

[41] M. Titov and C. W. J. Beenakker, Josephson effect in ballistic
graphene, Phys. Rev. B 74, 041401(R) (2006).

[42] P. W. Anderson, Localized magnetic states in metals, Phys. Rev.
124, 41 (1961).

[43] I. M. Lifshitz, S. A. Gredeskul, and L. A. Pastur, Introduc-
tion to the Theory of Disordered Systems (Wiley, New York,
1988).

[44] A. V. Balatsky, I. Vekhter, and J.-X. Zhu, Impurity-induced
states in conventional and unconventional superconductors,
Rev. Mod. Phys. 78, 373 (2000).

[45] A. A. Bespalov, Quasibound states in short SNS junctions with
point defects, Phys. Rev. B 97, 134504 (2018).

[46] F. M. D. Pellegrino, G. G. N. Angilella, and R. Pucci, Effect
of impurities in high-symmetry lattice positions on the local
density of states and conductivity of graphene, Phys. Rev. B
80, 094203 (2009).

[47] M. Farjam, D. Haberer, and A. Griineis, Effect of hydrogen
adsorption on the quasiparticle spectra of graphene, Phys. Rev.
B 83, 193411 (2011).

[48] S. Yuan, H. De Raedt, and M. 1. Katsnelson, Modeling elec-
tronic structure and transport properties of graphene with
resonant scattering centers, Phys. Rev. B 82, 115448 (2010).

[49] T. O. Wehling, S. Yuan, A. L. Lichtenstein, A. K. Geim, and
M. I. Katsnelson, Resonant scattering by realistic impurities in
graphene, Phys. Rev. Lett. 105, 056802 (2010).

[50] Y. V. Skrypnyk and V. M. Loktev, Cross-type spectrum rear-
rangement in graphene with weakly bound impurity centres: An
impurity band with anomalous dispersion, J. Phys.: Condens.
Matter 25, 195301 (2013).

[51] M. Barth, J. Fuchs, and D. Kochan, Spin relaxation, Josephson
effect, and Yu-Shiba-Rusinov states in superconducting bilayer
graphene, Phys. Rev. B 105, 205409 (2022).

[52] M. Tinkham, Introduction to Superconductivity, 2nd ed. (Dover
Publications, New York, 2004).

[53] A. Levchenko, A. Kamenev, and L. Glazman, Singular
length dependence of critical current in superconductor/normal-
metal/superconductor bridges, Phys. Rev. B 74, 212509 (2006).

[54] P. Samuelsson, J. Lantz, V. S. Shumeiko, and G. Wendin,
Nonequilibrium Josephson effect in mesoscopic ballistic mul-
titerminal SNS junctions, Phys. Rev. B 62, 1319 (2000).

[55] A. F. Andreev, Thermal conductivity of the intermediate state
of superconductors, Zh. Eksperim. i Teor. Fiz. 46, 1823 (1964).

[56] F. M. D. Pellegrino, G. G. N. Angilella, and R. Pucci, Trans-
port properties of graphene across strain-induced nonuniform
velocity profiles, Phys. Rev. B 84, 195404 (2011).

[57] C. W. J. Beenakker, Three “universal” mesoscopic Josephson
effects, in Transport Phenomena in Mesoscopic Systems, edited
by H. Fukuyama and T. Ando (Springer, Berlin, 1992).

[58] L. Banszerus, F. Libisch, A. Ceruti, S. Blien, K. Watanabe,
T. Taniguchi, A. K. Hiittel, B. Beschoten, F. Hassler, and
C. Stampfer, Minigap and Andreev bound states in ballistic
graphene, arXiv:2011.11471.

013189-16


https://doi.org/10.1021/acs.nanolett.7b03156
https://doi.org/10.1126/science.aad6203
https://doi.org/10.1038/nphys4110
https://doi.org/10.1038/s41586-020-2752-4
https://doi.org/10.1038/s41586-020-2753-3
https://doi.org/10.1126/science.abf5539
https://doi.org/10.1038/s41586-021-04364-8
https://doi.org/10.1103/PhysRevLett.133.106001
https://doi.org/10.1103/RevModPhys.76.411
https://doi.org/10.1103/PhysRevX.3.041034
https://doi.org/10.1103/PhysRevApplied.20.054049
https://doi.org/10.1103/PhysRevB.98.121411
https://doi.org/10.1038/s42005-022-01042-7
https://doi.org/10.1088/1742-5468/ab3a26
https://doi.org/10.1063/5.0071152
https://doi.org/10.1038/s42005-019-0275-9
https://doi.org/10.1140/epjs/s11734-021-00071-7
https://doi.org/10.1103/RevModPhys.86.361
https://doi.org/10.5506/APhysPolB.43.1169
https://doi.org/10.1103/PhysRevB.74.041401
https://doi.org/10.1103/PhysRev.124.41
https://doi.org/10.1103/RevModPhys.78.373
https://doi.org/10.1103/PhysRevB.97.134504
https://doi.org/10.1103/PhysRevB.80.094203
https://doi.org/10.1103/PhysRevB.83.193411
https://doi.org/10.1103/PhysRevB.82.115448
https://doi.org/10.1103/PhysRevLett.105.056802
https://doi.org/10.1088/0953-8984/25/19/195301
https://doi.org/10.1103/PhysRevB.105.205409
https://doi.org/10.1103/PhysRevB.74.212509
https://doi.org/10.1103/PhysRevB.62.1319
https://doi.org/10.1103/PhysRevB.84.195404
https://arxiv.org/abs/2011.11471

LOCAL ANALYSIS OF A SINGLE IMPURITY ON A ...

PHYSICAL REVIEW RESEARCH 7, 013189 (2025)

[59] R. Capecelatro, V. Brosco, G. Campagnano, and P. Lucignano,
Andreev spin-noise detector, Phys. Rev. B 108, 104508 (2023).

[60] M. I. Katsnelson, The Physics of Graphene, 2nd ed. (Cambridge
University Press, Cambridge, UK, 2020).

[61] Q. Kong, T. Siauw, and A. Bayen, Python Programming and
Numerical Methods: A Guide for Engineers and Scientists
(Elsevier Science, Amsterdam, NL, 2020).

[62] Y. V. Skrypnyk and V. M. Loktev, Metal-insulator transition
in hydrogenated graphene as manifestation of quasiparticle

spectrum rearrangement of anomalous type, Phys. Rev. B 83,
085421 (2011).

[63] P. Anderson, Theory of dirty superconductors, J. Phys. Chem.
Solids 11, 26 (1959).

[64] A. L. Fetter and J. D. Walecka, Quantum Theory of Many-
Farticle Systems (McGraw-Hill, Boston, 1971).

[65] G. F. Giuliani and G. Vignale, Quantum Theory of the Elec-
tron Liquid (Cambridge University Press, Cambridge, UK,
2005).

013189-17


https://doi.org/10.1103/PhysRevB.108.104508
https://doi.org/10.1103/PhysRevB.83.085421
https://doi.org/10.1016/0022-3697(59)90036-8

